Photodynamictherapy (PDT) using a photo sensitizing agent and several light sources has been shown to have nonspecific and noninvasive effects on superficial cancers. Phthalocyanine (Pc) derivatives as novel photosensitizers, trifluoroethoxy-coatedzinc Pcconjugated with β-cyclodextrin (βCD-4TFEO-Pc) was synthesized and its photodynamic effect in vitro and in vivo was evaluated. βCD-4TFEO-Pc alone was completely non-cytotoxic even at high concentrations, and showed excellentphotodynamic effects in B16-F10 and HT-1080 celllines. The in vivo antitumor effect of βCD-4TFEO-Pc against B16-F10 cells transplanted on to the chorioallantoic membranes of chickembryos was 52.7%, but that of laserirradiation alone and photosensitizer alone was <7% at thedose of 50 µg pereggand 100 J/cm 2 (50 mW). These data suggest that βCD-4TFEO-Pc is a useful photosensitizer for the treatment of superficial cancers. If a high-power LED with optimal wavelength is developed, excellent treatment of superficial cancers could be achieved by applying βCD-4TFEO-Pc for PDT.
Introduction
In recent years, photodynamic therapy (PDT) using a photosensitizing agent and several light sources has been shown to have nonspecific effects upon malignant diseases. Considerable antitumor effects of PDT have been demonstrated in patients with superficial cancers such as central-type early-stage lung cancer, early-stage gastric cancer, skin cancer, mucosal intraepithelial neoplasia, melanoma, and prostate cancer [1] - [4] .
An important advantage of PDT in cancer treatment is that the photosensitizer and light are inert, and that localization of the photodynamic effect is extremely specific. To ensure that PDT is effective against deep tumors, several investigations are being conducted: development of new photosensitizers, application of light sources with deep penetration into tissues, and control of skin irritation as a diverse effect of PDT with photosensitizers [5] - [7] .
Recently, several photosensitizers such as porfimer, talaporfin, temoporfin, and verteporfin have been approved for PDT in many countries [3] [8]- [10] . Porfimer, talaporfin, and temoporfin are used for superficial cancers and verteporfinfor age-related macular regeneration. These photosensitizers are derivatives of porphyrin or chlorin, and need a specific light source using red light at a wavelength of around 650 nm.
Phthalocyanine (Pc) derivatives are being studied intensively as second-generation photosensitizers for PDT owing to their intense absorption in the red visible region, high efficacy in producing singlet oxygen, and ease of chemical modification and formation [11] - [13] . Using Pc derivatives as photosensitizers means that their lipophilic, hydrophilic, and self-aggregation properties can be modulated by modification of the substituents on the periphery of the Pc core.
As part of our research on the development of novel functionalized Pc derivatives and syntheses of fluorine-containing compounds [14] - [16] , we synthesized trifluoroethoxy-coated zinc Pc conjugated with β-cyclodextrin (βCD-4TFEO-Pc). We determined photodynamic effects using a diode laser of wavelength 664 nm. In the present study, we ascertained if newly developed zinc Pc derivatives as photosensitizers have photodynamic effects in vitro and in vivo.
Materials and Methods

Tumor Cells
Murine melanoma (B16-F10) and human fibrosarcoma (HT-1080) cells were obtained from JCRB Cell Bank, Japanese Collection of Research Bioresources (Osaka, Japan). The cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum and antibiotics, and were harvested by trypsinization before use.
Photosensitizer
All test compounds are shown in Figure 1 . Pc coated with a trifluoroethoxy functional group and conjugated with cyclodextrin (CD) contained zinc as a central chelating metal. According to Das et al., perfluoro zinc Pc was synthesized. The CD conjugation to zinc Pc were synthesized by our research team [17] . Synthetic methods and chemical properties will be reported elsewhere. Talaporfinwas kindly provided by the Pharmaceutical Research Center of Meiji Seika Pharma (Kanagawa, Japan).
Laser Equipment
A diode laser (kindly provided by Panasonic, Osaka, Japan) was employed to obtain a wavelength of 664 nm (which enables deep penetration into tissues). The laser beam was delivered via quartz fibers. Laser light was irradiated vertically onto tumor cells and tissues. Previously, we had confirmed that this condition for laser irradiation did not affect tumor cells in vitro. The power of basically irradiated laser was adapted at 100 J/cm 2 (150 mW), but some irradiated laser power was controlled by irradiated time.
In Vitro Chemosensitivity of Photosensitizers with Laser Irradiation
Aliquots (495 µL) of a cell suspension (2000 cells/mL) in exponential growth were seeded into 48 microwell plates and preincubated for 24 h at 37˚C. Five microliters of various concentrations of photosensitizers in dimethyl sulfoxide (DMSO) was added to each well and incubated for 5 h. After washing out test photosensitizers with fresh medium twice, 500 µL of fresh medium was added to each well and laser irradiation was undertaken vertically at 100 J/cm 2 (150 mW). The plate was incubated for 24 h, and the inhibitory effects of photosensitizers on the growth of tumor cells were examined using a colorimetric assay, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Briefly, 30 µL of MTT solution (3 mg/mL in phosphate-buffered saline) was added to each well, and cell cultures were incubated further for 4 h at 37˚C. After removal of the medium, resultant MTT formazan crystals were dissolved in 400 µL of DMSO. The absorbance of each well was measured at 570 nm by using a microplate reader (MTP-800AFC; Corona Electric, Hitachinaka, Japan), and the inhibition ratio (IR) was calculated using the following formula:
where C is the mean value of the optical densities of the control group and T is that of the treatment group. Halfmaximal inhibitory concentration (IC 50 ) was defined as the concentration of photosensitizers required to induce a 50% reduction in growth relative to that in the control. The IC 50 value was determined by graphical correlation of the dose-response curve with at least 3 photosensitizer concentrations.
In Vivo Evaluation of PDT Using a Chick Embryo Assay
According to our former study [18] - [21] , in vivo antitumor effects can be evaluated and correlated using a chick embryo assay. Fertilized chicken eggs (Goto Farms, Gifu, Japan) were incubated in a forced-draft incubator maintained at 37˚C and 70% humidity. On day 10, eggs were candled and Y-shaped blood-vessel junctions on the chorioallantoic membrane (CAM) were marked on the shell with a pencil. Then, about 10-mm square "window" was made through the mark. The CAM was depressed by applying gentle suction at the air sac, and the shell membrane was stripped off carefully to expose the CAM. A sterilized Teflon ® ring (diameter, 8 mm) was put on the junction of the blood vessels, and 10 µL of B16-F10 cell suspension (2.0 × 10 7 cells/mL) was pipetted through the ring into the opening. The window in the shell was sealed with OpSite ® (Smith & Nephew, London, UK) and the treated egg was incubated again.
On day 11, the Teflon ® ring was removed from the CAM surface and the eggs were incubated for 24 h. Test photosensitizers were injected into the CAM vein with a 30-G needle on day 12. Briefly, a portion of shell directly overlying a blood vessel was removed carefully. The vein was made visible with a drop of paraffin oil applied to the shell membrane. Test photosensitizers (50 µg/host) were injected into the CAM vein with 0.2 mL of physiological (0.9%) NaCl solution. Then, the photosensitizer-injected window was sealed with Tegaderm ® (Sumitomo 3M, Tokyo, Japan). Thirty minutes after photosensitizer administration, the diode laser was used for vertical irradiation of the tumor at 100 J/cm 2 (150 mW) through the opened window. The eggs were incubated for 5 more days.
On day 17, the tumor that had grown on the CAM was excised from the CAM, dissected free of adhesive chick tissue, and weighed. The IR for the tumor was calculated using the following formula:
where A is the mean tumor weight of the control group and B is that of the treatment group. The effectiveness of each photosensitizer was analyzed using the Student's t-test. The in vivo antitumor experiment was approved (13-023) by the ethics committee of Aichi Gakuin University.
Statistical Analysis
All in vitro data are expressed as means in several independent experiments. The data of in vivo are expressed as means ± SD and significance are performed using Student's t-test. P-values < 0.001 were considered statically significant.
Results
In Vitro Antitumor Effect Using PDT against B16-F10 and HT-1080 Cells
The in vitro antitumor effects of Pc derivatives are shown in Figure 2 . In B16-F10 cells, zinc Pc exhibited the same cytotoxicity with or without laser irradiation. However, HT-1080 cells treated with zinc Pc were sensitive to laser irradiation. βCD-4TFEO-Pc alone was completely non-cytotoxic even at a high concentration and showed an excellent photodynamic effect in both cell lines. These results suggested that βCD-4TFEO-Pc had a wide margin of safety, and that the toxicity against normal cells and non-irradiated cells was quite low. Talaporfin demonstrated a good photodynamic effect, but high IRs were noted in photosensitizers alone and the PDT group at high concentrations. IC 50 values of various compounds that were subjected to/were not subjected laser irradiation are summarized in Table 1 . All test photosensitizers had higher IC 50 values than that of photosensitizers that underwent laser irradiation, but large differences among these photosensitizers were noted. The IC 50 value of any modified compound alone was increased by >70-fold than that of the mother compound (zinc Pc). However, the photodynamic effect of all derivatives was greater than that of zinc Pc in B16-F10 cells (though high sensitivity of laser irradiation with zinc Pc was noted in HT-1080 cells). In particular, derivatives with both CD and trifluoroethoxy functional groups exhibited excellent photodynamic effects. βCD-4TFEO-Pc had a greater difference in IC 50 value than the other derivatives, and the greatest photodynamic effect (156-fold) was found in HT-1080 cells. In contrast, there was a slight difference in talaporfin IC 50 value between the PDT group and talaporfin only group.
Optimization of the Dose of Laser Irradiation
The sensitivity of βCD-4TFEO-Pc with various doses of laser irradiation (0 -200 J/cm 2 ) to B16-F10 cells is shown in Figure 3 . A high concentration of βCD-4TFEO-Pc alone resulted in slight cytotoxicity (22%). Laser irradiation alone (without βCD-4TFEO-Pc) resulted in virtually no cytotoxicity. In cells treated with a combination of βCD-4TFEO-Pc and laser irradiation, tumor growth was inhibited significantly by laser irradiation in a dose-dependent manner. This dependency of the dose of laser irradiation was also confirmed in the case of other zinc Pc derivatives and cell lines (data not shown).
In Vivo Antitumor Activity Using Chick Embryos
βCD-4TFEO-Pc showed excellent antitumor activity in vitro; therefore, photosensitizers were evaluated in an in vivo antitumor assay system using fertilized chicken eggs. Tumor cells of various species can be inoculated on the CAM because chicken eggs are naturally immunodeficient before hatching, and good proliferation of tumor cells has been observed in several studies [18] - [21] . Several investigations using the chick embryo assay to evaluate antitumor activity in vivo have been carried out. This assay method is rapid, convenient, inexpensive, and causes less pain to experimental animals. The antitumor effects of βCD-4TFEO-Pc against B16-F10 cells transplanted onto the CAM of a chick embryo are shown in Figure 4 . The tumor IR of βCD-4TFEO-Pc with laser irradiation was 52.7% (p < 0.001), and that of laser irradiation alone and photosensitizer alone was <7% at 50 µg per egg and at 100 J/cm 2 (150 mW).
Discussion
Zinc Pc derivatives are expected to be second-generation photosensitizers because they have relatively high absorbance at red light, which can reach deep into tissues. However, they show π-π stacking, which results in aggregation in water, and they also have low solubility [11] [12] . To overcome these drawbacks, we synthesized novel zinc Pc derivatives containing fluorine [14] [16] [17] and also conjugate CD molecules. In novel zinc Pc derivatives, βCD-4TFEO-Pc exhibited greater photodynamic effects than those seen with talaporfin, which is used widely for the treatment of early-stage lung cancer and malignant primary brain tumors. Our study showed that βCD-4TFEO-Pc was non-toxic and that laser irradiation was needed for βCD-4TFEO-Pc to exhibit its antitumor activity because it can produce singlet oxygen as an active species to abrogate tumor proliferation. Though the wavelength used (664 nm) was not optimal against βCD-4TFEO-Pc, it showed great sensitivity to laser irradiation. The equipment to create laser light was developed for the PDT of talaporfin in clinical scenarios; therefore, the wavelength of irradiation matched exactly to the intense absorption of talaporfin [22]. The intense absorption of βCD-4TFEO-Pc was shifted to around 700 nm owing to modification of the Pc skeleton, and light of wavelength 664 nm that was irradiated was not of sufficient wavelength to exert the maximum photodynamic effect for βCD-4TFEO-Pc. Nevertheless, the excellent antitumor activity of βCD-4TFEO-Pc was demonstrated in the present study and its clinical application as a photosensitizer is expected. A photosensitizer that is sensitive to a specific light source and laser irradiation are important factors in PDT for treatment of superficial cancer. The dependency of laser irradiation is revealed in Figure 3 and it was suggested that a high-powered laser exhibited antitumor activity. High-power laser irradiation can produce heat at localized irradiated areas; thus, evaluation of antitumor activity is thought to involve photodynamic and hyperthermic effects. At 100 J/cm 2 , laser irradiation showed effective antitumor effects without producing heat. Even low-power laser irradiation could activate photosensitizers to produce singlet oxygen as an active species to abrogate tumor proliferation.
Conjugation of CDs to zinc Pc dramatically improved water solubility, and coating of fluorine to zinc Pc prevented self-aggregation. When several zinc Pc derivatives coated with fluorine (including 4TFEO-Pc) were examined for photodynamic effects, it appeared that introduction of fluorine led to an increase in photodynamic effects. CD conjugation resulted in an increase in hydrophilicity (which is thought to be a useful property for intestinal absorption, increases in bioavailability, and drug preparation) [23] [24] . Conventional photosensitizers exhibit non-specific cytotoxicity against non-irradiated cells; hence, patients should shade from light including sunbeam such treatment for several days to avoid side effects. Even high concentrations of βCD-4TFEO-Pc showed very low cytotoxicity upon treatment with βCD-4TFEO-Pc alone. Low sensitivity is a very useful property for a photosensitizer. This useful phenomenon was observed with derivatives with fluorine and CD conjugation. βCD comprising six glucose molecules seemed to be optimal for photodynamic effects; thus, the Pc motif probably matched the pore size of βCD.
The mother compound, Zinc Pc, showed higher cytotoxicity than βCD-4TFEO-Pc and talaporfin in B16-F10 and HT-1080 cells. This activity was non-specific for laser irradiation in B16-F10 cells. Laser irradiation did not completely affect the chemosensitivity of zinc Pc. It seems that the extremely high cytotoxicity of zinc Pc masked photodynamic effects. However, in HT-1080 cells, zinc Pc showed moderate photodynamic effects with high cytotoxicity. Thus, we suspected that laser irradiation was not sufficient to penetrate B16-F10 cells (which originate from melanoma and contain large amounts of melanin pigment), because there were reported that pigmented tumors were resistance to the PDT [25] [26] . B16-F10 and HT-1080 cells treated with talaporfin and laser irradiation achieved weak photodynamic effects, but at high doses, the photodynamic effect elicited by talaporfin disappeared. The range of drug concentrations used was narrow; therefore, the plasma concentration after drug administration and area of laser irradiation should be monitored very carefully.
In this paper, the CAM assay using chicken eggs as in vivo chemosensitivity test was performed. The model of chick embryos can correctly predict a clinical response of chemotherapy in the several tumors such as lung cancer and malignant glioma and any study as in vivo model were adapted the CAM assay [19] [20] [27] . A total of 50 µg/egg βCD-4TFEO-Pc was administered into the CAM vein of eggs and the inhibitory effect of tumor growth was evaluated by tumor weight on day 17 from fertilization. A significant difference in the βCD-4TFEO-Pc group plus laser irradiation compared with the control group was noted with regard to tumor proliferation on the CAM of eggs, but laser irradiation and βCD-4TFEO-Pc alone did not show inhibitory effects. Moreover, in one egg with βCD-4TFEO-Pc plus laser irradiation, the implanted tumor was quite small on day 17. If an optimal dose and timing of βCD-4TFEO-Pc administration and optimal wavelength of laser irradiation are applied, excellent antitumor activity (e.g., abrogation of tumor proliferation) could be achieved.
Conclusion
We suggest that βCD-4TFEO-Pc is a useful photosensitizer for the treatment of superficial cancers. If a highpower light source [7] to match its specific wavelength can be developed, excellent treatment of superficial cancers could be achieved by applying βCD-4TFEO-Pc for PDT.
